
Abstract The complete nucleotide sequences of two

double-stranded (ds) RNA molecules, S1 (1,744 bp)

and S2 (1,567 bp), isolated from an isolate HP62 of the

Himalayan Dutch elm disease fungus, Ophiostoma

himal-ulmi, were determined. RNA S1 had the po-

tential to encode a protein, P1, of 539 amino acids

(62.7 kDa), which contained sequence motifs charac-

teristic of RNA-dependent RNA polymerases

(RdRps). A database search showed that P1 was clo-

sely related to RdRps of members of the genus Par-

titivirus in the family Partitiviridae. RNA S2 had the

potential to encode a protein, P2, of 430 amino acids

(46.3 kDa), which was related to capsid proteins of

members of the genus Partitivirus. Virus particles iso-

lated from isolate HP62 were shown to be isometric

with a diameter of 30 nm, and to contain dsRNAs S1

and S2 and a single capsid protein of 46 kDa. N-ter-

minal sequencing of tryptic peptides derived from the

capsid protein proved unequivocally that it is encoded

by RNA S2 and corresponds to protein P2. It is con-

cluded that O. himal-ulmi isolate HP62 contains a new

member of the genus Partitivirus, which is designated

Ophiostoma partitivirus 1. A phylogenetic tree of

RdRps of members of the family Partitiviridae showed

that there are least two RdRp lineages of viruses cur-

rently classified in the genus Partitivirus. One of these

lineages contained viruses with fungal hosts and viruses

with plant hosts, raising the possibility of horizontal

transmission of partitiviruses between plants and fungi.

The partitivirus RdRp and capsid proteins appear to

have evolved in parallel with the capsid proteins

evolving much faster than the RdRps.

Introduction

Viruses have been developed as biological control

agents for Cryphonectria parasitica, the fungus that

causes chestnut blight [1, 2], and have potential for the

control of other plant pathogenic fungi. As part of our

programme aimed at developing viruses for control of

fungi pathogenic to forest trees, we have discovered

and characterized viruses in the Dutch elm disease

fungi, Ophiostoma ulmi and O. novo-ulmi. These

viruses consist of a single molecule of naked double-

stranded RNA, located in the mitochondria, and have

been placed in the genus Mitovirus in the family Nar-

naviridae [3–5].

We now report the discovery of a new virus in the

third Dutch elm disease fungus, O. himal-ulmi [6]. We

have isolated and characterized the virus particles and

their dsRNA genome. The sequence and genome

organization of this virus show that it can be classified

in the genus Partitivirus of the family Partitiviridae and
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this is the first demonstration of a partitivirus in the

genus Ophiostoma.

Materials and methods

Fungal isolate

O. himal-ulmi isolate HP62 has been described previ-

ously [6] and was maintained on malt extract agar

(MEA, Oxoid) as described [7].

DsRNA isolation

Total nucleic acids were isolated as described [8]

from fungal mycelium after 14 days growth on cello-

phane membranes overlaying MEA at 22�C. Single-

stranded (ss) RNA and dsRNA were separated by

precipitating ssRNA with 2 m LiCl and dsRNA with

5 M LiCl as described [8]. DsRNAs were separated

by polyacrylamide gel electrophoresis [9] and

extracted from the gel using an RNaid kit (Bio 101,

Vista, CA, USA).

cDNA synthesis, cloning and sequence analysis

cDNA libraries were constructed using gel-purified

dsRNA segments S1 and S2 from O. himal-ulmi isolate

HP62. cDNA synthesis, cloning and screening of

cDNA clones were carried out as described [8].

Determination of the ends of each dsRNA was done

using a GIBCO BRL (Gaithersburg, MD, USA) 5¢
RACE system [9]. Sequences of cDNA clones were

obtained by the chain termination method [10] using

dye-terminator cycle sequencing with AmpliTaq DNA

polymerase FS (ABI PRISM 377). Sequence analysis

was performed using the GCG version 8.1 programs

[11]. Multiple sequence alignments, construction of

phenograms, and bootstrapping analysis were accom-

plished with the CLUSTAL X programs [12]. The

phylogenetic tree was displayed using the program

TREEVIEW [13]. Incubations with S1 nuclease and

DNase 1 were as described [3].

Isolation and purification of virus particles

Actively growing mycelium (60 g) was disrupted by

grinding using a mortar and pestle with carborundum

(6 g) and sufficient PBK buffer (0.03 M sodium phos-

phate, 0.3 M potassium chloride, pH 7.6) to form a

smooth paste. The homogenate was diluted with PBK

buffer to give a volume of 1.8 l, gently shaken at 4�C

for 15 min and then centrifuged at 23000g for 45 min.

To the supernatant were added 10 g polyethylene

glycol-6000 and 1 g NaCl per 100 ml, and the mixture

was stirred at 4�C for 2 h. The precipitate was collected

by centrifugation at 15000g for 20 min and suspended

in 100 ml PBK buffer. After centrifugation at 23000g

for 20 min to remove unsuspended debris, the super-

natant was centrifuged at 78000g to pellet the virus.

The pelleted virus was resuspended in 1 ml PBK buffer

and purified by sequential sedimentation through two

10–50% (w/v) sucrose density gradients. The virus

band, identified by a blue-grey opalescence, was col-

lected and dialyzed against 10 mM Tris–HCl, pH 7.6

buffer.

Electron microscopy

A 5-ll drop of virus suspension was placed on a car-

bon-collodion-coated grid and stained with 1% aque-

ous uranyl acetate. Grids were examined in a Philips

CM 200 electron microscope and images were

recorded at 50,000 · magnification.

Protein analysis

Virus particles were disrupted by mixing with one

tenth volume of 10% SDS and heating to 100�C for

5 min. 0.5 volume of buffer containing 5% 2-mercap-

toethanol, 62.5 mM Tris–HCl, pH 6.8, and 20% (v/v)

glycerol was the added and the sample heated to 100�C

for 5 min. The protein was analysed by electrophoresis

through 10% polyacrylamide gels [14]. Protein diges-

tion with trypsin, separation of tryptic peptides by high

pressure liquid chromatography (HPLC) and

N-terminal sequencing by Edman degradation were

carried out by Dr. John Leszyk at the University of

Massachusetts Medical School Worcester Foundation

Campus Core laboratory for Protein Microsequencing

and Mass Spectrometry.

Results

Isolation and characterization of dsRNAs

from O. himal-ulmi

Total nucleic acids were extracted from O. himal-ulmi

isolate HP62, ssRNA was precipitated with 2 M LiCl

and dsRNA was precipitated with 5M LiCl. Analysis

by polyacrylamide gel electrophoresis (PAGE)

revealed two RNA segments, S1 and S2, of about 1.7

and 1.5 kbp, respectively (Fig. 1). Both RNA segments

were resistant to S1 nuclease and DNase I (not shown),

confirming that they are dsRNA.
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The complete nucleotide sequence of each dsRNA

segment was determined from cDNA clones obtained

using random primers, sequence-specific primers and 5¢
RACE. Segment S1 comprised 1744 bp and segment

S2 comprised 1567 bp. The EMBL database accession

numbers for these sequences are S1 (AM087202) and

S2 (AM087203). Segment S1 had the potential to

encode a protein, P1, of 539 amino acids (calculated

mass 62.7 kDa) on one strand, designated the plus

strand. Segment S2 had the potential to encode a

protein, P2, of 430 amino acids (calculated mass

46.3 kDa) on one strand, designated the plus strand.

There were no significant open reading frames on the

complementary (minus) strands of either RNA seg-

ment. The 5¢ untranslated regions of the plus strands of

segments S1 and S2 were 69 and 108 nucleotides,

respectively, whereas the 3¢ untranslated regions of the

plus strands of segments S1 and S2 were 166 and 55

nucleotides, respectively. The 5¢-terminal sequences of

the two RNAs were almost identical, ACCGAAA for

S1 and AUCGAAA for S2. Similarly there was a high

degree of sequence similarity between the 3¢-terminal

sequences, with both segments containing the sequence

UAUCAGG. This is consistent with evidence that for

multicomponent RNA viruses, the 5¢- and 3¢-terminal

sequences are important as recognition sites for the

viral RNA RdRp [15].

A search of the UniProt database with the BLASTP

program using the P1 amino acid sequence revealed

highly significant similarities to RNA-dependent RNA

polymerases (RdRps) of viruses of the family Partiti-

viridae. The most similar were the RdRps of Discula

destructiva viruses 1 and 2 (DdV1 and DdV2) (71%

and 71% identity, respectively), Penicillium stoloniferum

virus S (PsV-S) (67% identity), Gremmeniella abietina

virus MS1 (GaV-MS1) (66% identity), and Fusarium

solanae solani virus (FsV). Analysis of the amino acid

sequence of the P1 protein revealed motifs typical of

RdRps, which could be aligned with similar motifs of a

range of partitiviruses (Fig. 2). Hence the protein P1,

encoded by O. himal-ulmi dsRNA S1, is a putative

RdRp of a partitivirus, designated Ophiostoma partit-

ivirus 1 (OPV1). A phylogenetic tree of the RdRps of

these partitiviruses (Fig. 3) shows that the OPV1

RdRp clusters with the RdRps of DdV1, DdV2, PsV-S,

GaV-MS1 and FsV with 100% bootstrap support.

A search of the UniProt database with the BLASTP

program using the P2 amino acid sequence revealed

highly significant similarities to the capsid proteins

of the partitiviruses DdV1 (52% identity), DdV2

(51% identity), PsV-S (51% identity), GaV-MS2 (51%

identity), GaVMS1 (50% identity), and FsV (39%

identity). An amino acid alignment of these six capsid

proteins (Fig. 4) showed that they have identical amino

acids at 83 positions. Hence the protein, P2, encoded

by O. himal-ulmi dsRNA segment S2, is the putative

capsid protein of the partitivirus OPV1.

Isolation and characterization of OPV1 virus

particles

OPV1 virus particles were isolated from homogenates

of mycelium of O. himal-ulmi isolate HP24 by PEG

precipitation, and differential and sucrose density

gradient centrifugation. Electron microscopy revealed

isometric particles of average diameter 29.7 nm (SD

1.8 nm; n = 30) (Fig. 5). Examination of dsRNA

extracted from the purified virions by PAGE revealed

two bands with the same mobility as those obtained by

extraction of total RNA from O. himal-ulmi (not

shown). Sequence analysis of these two RNAs showed

that they are identical to RNAs S1 and S2. Examina-

tion of the OPV1 capsid protein by SDS-PAGE

revealed a single band with an estimated mass of

46 kDa (not shown), the same mass as calculated for

the protein encoded by O. himal-ulmi dsRNA segment

S2. The 46-kDa band was extracted from a gel, blotted

onto a membrane and digested with trypsin. The

tryptic peptides were separated by HPLC and their

masses determined by mass spectrometry. The N-ter-

minal sequences of two of the peptides were

determined by Edman degradation. Peptide 1 (mass

1372.48 Da) had the sequence SAVSSAPGAP-

ASNQK, which corresponds to amino acids 29–43 of

the protein P2 encoded by OPV1 dsRNA segment S2.

Peptide 2 (mass 1435.63 Da) had the sequence

FPVVFATGAGEPSR, which corresponds to amino

2.3 

1.1 

1.7 
1.5 

Fig. 1 Polyacrylamide gel electrophoresis of dsRNA from
O. himal-ulmi isolate HP62. The gel was stained with ethidium
bromide. The sizes of dsRNA markers (kbp) from O. novo-ulmi
isolate Ld [4] are shown on the side of the gel

Virus Genes (2006) 33:33–39 35

123



acids 63–76 of the protein P2. This proves conclusively

that dsRNA segment S2 encodes the OPV1 capsid

protein.

Discussion

The family Partitiviridae consists of viruses with iso-

metric virions, 30–35 nm in diameter, a single major

capsid protein of 42–73 kDa and a genome of two

dsRNA segments each of 1.4–2.2 kbp [18]. Three

genera in the family Partitiviridae have been

described; the genus Partitivirus contains viruses of

fungi, whereas the genera Alphacryptovirus and

Betacryptovirus contain viruses of plants. The data

reported in this paper clearly show that OPV1 is most

closely related to fungal viruses in the genus Partiti-

virus. In the RdRp phylogenetic tree (Fig. 3), OPV1

and established fungal virus members of the genus

Partitivirus, DdV1, DdV2, PsV-S, GaV-MS1 and FsV,

form a cluster with 100% bootstrap support. The

capsid protein sequences of these viruses were also

closely related (Fig. 4), although less so than the

RdRps, indicating a higher rate of evolution of the

capsid proteins. There is a second well-supported

fungal virus RdRp cluster, consisting of AhV, CrV,

RsV, FpV, PoV and RnV1 (Fig. 3). The capsid pro-

teins of viruses in the first RdRp cluster were not

significantly related to those in the second RdRp

cluster. The RdRp and capsid protein sequences of

these two clusters therefore appear to have evolved in

parallel and viruses in the two clusters may be

regarded as two subgroups of the genus Partitivirus.

There are also two other well-supported RdRp

clusters, one consisting of BCV (genus Alphacrypto-

virus) and two other plant viruses (FCCV and PpV)

and the other consisting of a mixture of plant viruses

(WCCV and RYEV, genus Alphacryptovirus) and

fungal viruses (OMV, HaV and HmV, genus Partiti-

virus), together with CCRSAV, which may be a fun-

gal or plant virus [19]. These two clusters also form a

larger cluster with good (99.9%) bootstrap support.

Fig. 2 Conserved amino acid sequence motifs in RdRps of
partitiviruses. Motifs 2, 3, 4, and 5 were previously designated
IV–VII by Koonin [16]. Motifs 1–5 were previously designated
3–7 by Bruenn [17]. Amino acids identical to those in the
O. himal-ulmi P1 protein are shown in bold. Amino acids
identical in all the sequences are shown by a star (*) below the
sequences. The numbers of amino acids between each motif for
each RdRp are indicated. Abbreviations, with Uniprot database
accession numbers in parentheses, are: OPV1, Ophiostoma
partitivirus 1; DdV1, Discula destructiva virus 1 (Q99D1);
DdV2, Discula destructiva virus 2 (Q91H18); PsV-S, Penicillium
stoloniferum virus S (Q6YDQ7); GaV-MS1, Gremmeniella
abietina virus MS1 (Q6GYB9); FsV, Fusarium solanae virus

(Q83328); PsV-F, Penicillium stoloniferum virus F (Q4G3H2);
HmV, Helicobasidium mompa virus (Q8B0U3); HaV, Hetero-
basidion annosum virus (Q91T12); RnV1, Rosellinia necatrix
virus (Q50LH7); AhV, Atkinsonella hypoxylon virus (Q85055);
FpV, Fusarium poae (Q9YX75); RsV, Rhizoctonia solania solani
virus (Q9Q9X2); OMV, Oyster mushroom virus (Q7TDZ9);
PoV, Pleurotus ostreatus virus (Q5GHF1); CrV, Ceratocystis
resinifera virus (Q5DM90); CCRSAV, Cherry chlorotic rusty
spot associated virus (Q65A70); BCV, Beet cryptic virus
(Q86632); PpV, Pyrus pyrifolia virus (Q92WP7); FCCV, Fra-
garia chiloensis cryptic virus (Q4FCM7); RYEV, Radish yellow
edge virus (Q52UL1); WCCV, White clover cryptic virus
(Q64FP0)
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This raises the possibility of horizontal transfer of

members of the family Partitiviridae between fungi

and plants [20, 21]. This is quite feasible, since some

of the viruses in these clusters have fungal hosts,

which are pathogens of plants. The taxonomy of the

Partitiviridae family may need to be revisited as

molecular information of a wider range of viruses

becomes available.

Fig. 3 Neighbour-joining phylogenetic tree constructed using
the RdRp sequences shown in Fig. 2, including the sequences
between the motifs, using the program CLUSTAL X. Abbrevi-
ations are as in Fig. 2. Bootstrap numbers out of 1,000 replicates
are given on the nodes. Only numbers greater than 900 are

shown. The tree was rooted with the RdRp of Saccharomyces
cerevisiae virus L-A (ScVLA), a member of the genus Totivirus
in the family Totiviridae [Uniprot database accession no.
Q87023], which was included as an outgroup
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